Introduction
Natural pastures are one of South Africa's most important agricultural resources for it provides the cheapest source of animal feed (Aucamp & Danckwerts 1989) . Natural grazing is threatened by expansion of the Karoo (semi-desert region) into grasslands, overgrazing, poisonous plants, poor grazing management practices, and bush densification. Finally, expanding human activities (agriculture, housing, and industrialization) places a demand on already overburdened natural grazing resources. Therefore, the use and re-use of lignocellulosic wastes for animal feed will become a South African reality in the near future. Sadly, much lignocellulose waste is often disposed of by biomass burning, which is not restricted to underdeveloped countries alone, but is considered a global phenomenon (Levine 1996) . This scenario does not only apply to South Africa alone, for some or all of the listed problems are common in many parts of the world today.
The problem of increasing the utility of lignocellulose wastes has been known for decades. In addition to the growing demand for traditional applications (paper manufacture, biomass fuels, composting, animal feed, etc.), novel markets for lignocellulosics have been identified in recent years. The intensity of research and the magnitude of capital investment in this field increased vastly once commercial viability seemed probable for many of these new applications. The most ambitious of these has been the conversion of lignocellulose to alternative energy carriers (e.g. fuel ethanol, acetone and butanol) (Kaylen et al. 2000; Lee 1997; Mitchell 1998; Wheals et al. 1999) . The pulp and paper industry discovered lignocellulose biotechnology could improve process efficiency through savings in money and energy (Breen & Singleton 1999; Scott et al. 1998) . Others aimed at improving digestibility of nutritionally poor forages by exposing these lignocellulosics to white-rot fungi (Agosin & Odier 1985; Karunanandaa et al. 1992) .
The complete and successful utilization of lignocellulose by man remains a daunting task, whatever the intended application. Defeating the barriers, which prevent commercial exploitation of lignocellulose, will be the key to its successful application in biotechnological endeavors. This review will not focus on current or new chemical and physical lignocellulose processing technologies (and their problems). Rather, the aim is to summarize the current knowledge available on lignocellulose biodegradation, and add value to that knowledge by discussing ways to integrate natural processes into low cost, low technology biotechnological applications.
Lignocellulose composition

Chemical composition
The chemical composition of plants differs considerably and is influenced by genetic and environmental factors (Table 1) . Cellulose, hemicellulose, and lignin are the main constituents of lignocellulosic materials (Deobald & Crawford 1997) . Apart from these primary polymers, plants comprise other structural polymers (e.g. waxes, proteins). Cellulose is a linear polymer of glucose linked through α-1,4-linkages and is usually arranged in microcrystalline structures, which is very difficult to dissolve or hydrolyse under natural conditions. The degree of polymerization (DP) of cellulose chains range from 500 to 25 000 (Kuhad et al. 1997; Leschine 1995) . Hemicellulose is a heteropolysaccharide composed of different hexoses, pentoses, and glucoronic acid. Hemicellulose is more soluble than cellulose and is frequently branched with DP of 100 to 200 (Kuhad et al. 1997) . Xylan is the most common hemicellulose component of grass and wood. Lignin is a highly irregular and insoluble polymer consisting of phenylpropanoid subunits, namely p-hydroxyphenyl (H-type), guaiacyl (G-type), and syringyl (S-type) units. Unlike cellulose or hemicellulose, no chains containing repeating subunits are present, thereby making the enzymatic hydrolysis of this polymer extremely difficult.
Tertiary architecture
The tertiary architecture of lignocellulose structures is directed by a variety of covalent and non-covalent linkages between the various constituents. Cellulose is complexed with hemicellulose, lignin, and other components, which complicate their hydrolysis -hence the comparison with reinforced concrete (Leonowicz et al. 1999; Tomme et al. 1995) . Cellulose microfibrils are stabilized by intra-and intermolecular hydrogen bonds and surrounded by hemicellulosic polysaccharides (mannans and xylans) linked to cellulose by covalent and hydrogen bonds (Heredia et al. 1995) . These covalent bonds are extremely resistant to chemical and biological hydrolysis. On the other hand, amorphous regions within the cellulose crystalline structure have a heterogeneous composition characterized by a variety of different bonds. Ultimately, this asymmetrical arrangement, which characterizes amorphous regions, is crucial to the biodegradation of cellulose and will be discussed later in the manuscript. The accessibility of cell wall polysaccharides from the plant to microbial enzymes is dictated by the degree to which they are associated with phenolic polymers (Chesson 1981; Kuhad et al. 1997) . In grasses, ferulic and pcoumaric acids are esterified to hemicellulose and lignin (Jeffries 1990; Mueller-Harvey & Hartley 1986) . Xylans appear to be a major interface between lignin and other carbohydrate components (Cornu et al. 1994; Jeffries 1990 ). Ferulic acid anchors hydrophobic lignins to hydrophilic polysaccharides via alkali-sensitive ester bonds. Intramolecular lignin bonds are usually of the alkali-resistant ether type. This intricate association with lignin shields hemicellulose from direct enzymatic hydrolysis (Sun et al. 1996) .
Lignocellulose biodegradation
Lignocellulose is a complex substrate and its biodegradation is not dependent on environmental conditions alone, but also the degradative capacity of the microbial population (Waldrop et al. 2000) . The composition of the microbial community charged with lignocellulose biodegradation determines the rate and extent thereof.
Cellulose and hemicellulose
The efficient hydrolysis of cellulose requires the concerted action of at least three enzymes: (1) endo-glucanases to randomly cleave intermonomer bonds; (2) exoglucanases to remove mono-and dimers from the end of the glucose chain; and (3) β-glucosidase to hydrolyze glucose dimers ( Figure 1 ) (Deobald & Crawford 1997; Tomme et al. 1995) . The concerted actions of these enzymes are required for complete hydrolysis and utilization of cellulose. The rate-limiting step is the ability of endo-glucanases to reach amorphous regions within the crystalline matrix and create new chain ends, which exo-cellobiohydrolases can attack.
Although similar types of enzymes are required for hemicellulose hydrolysis, more enzymes are required for its complete degradation because of its greater complexity compared to cellulose. Of these, xylanase is the best studied (reviewed by Kuhad et al. 1997 ).
Although the model described in Figure 1 was developed from data obtained from Trichoderma koningii and Phanerochaete chrysosporium, it does well to describe the general aspects of enzymatic hydrolysis of cellulose (reviewed by Tomme et al. 1995) . However, a fundamental difference exists in the mechanism of cellulose hydrolysis between aerobic and anaerobic fungi and bacteria (reviewed by Leschine 1995; Tomme et al. 1995) . Aerobic fungi and bacteria characteristically comprise non-complexed cellulase systems, which entail the secretion of the cellulose hydrolysis enzymes into the culture medium. However, anaerobic bacteria (especially Clostridium spp.) and fungi (of the genera Neocallimastix, Piromonas and Sphaeromonas) contain complexed cellulase systems where the cellulose hydrolyzing enzymes are contained in membrane-bound enzyme complexes (called cellulosomes). This fundamental difference has profound implications for biotechnology applications. Biotechnological applications based on anaerobic fungi and bacteria might have an advantage over aerobic systems in terms on hydrolysis efficiency. Complexed cellulase systems allow greater coordination between the different cellulose hydrolyzing enzymes. Their close association will restrict loss of degradation intermediates due to dynamic environmental conditions. In aerobic systems, where active aeration and agitation is required, loss of the secreted enzymes and their degradation intermediates might prove detrimental to overall process efficiency. This apparent contradiction might be offset when the energetics of aerobic and anaerobic microorganisms is compared. In general, aerobic microorganisms gain far more energy from glucose than anaerobic micro-organisms (38 mole ATP vs. 2-4 mole ATP per mole of glucose). Therefore, the apparently "aggressive" cellulose hydrolyzing strategy utilized by aerobes might be beneficial given the potential enormous gain in metabolic energy. However, given the low technical requirements of anaerobic applications as compared to aerobic systems (absence of vigorous agitation to facilitate aeration and flow control technologies), the use of anaerobic fungi and bacteria for use in low cost bioremediation projects might be more attractive given their highly efficient cellulose hydrolysis machinery.
Lignin
Lignin degradation by white-rot fungi is an oxidative process and phenol oxidases are the key enzymes (Kuhad et al. 1997; Leonowicz et al. 1999) . Of these, lignin peroxidases (LiP), manganese peroxidases (MnP) and laccases from especially white rot fungi (P. chrysosporium, Pleurotus ostreatus and Trametes versicolor) have been best studied. LiP and MnP oxidize the substrate by two consecutive one-electron oxidation steps with intermediate cation radical formation. Laccase has broad substrate specificity and oxidises phenols and lignin substructures with the formation of oxygen radicals. Other enzymes that participate in the lignin degradation processes are H 2 O 2 -producing enzymes and oxido-reductases, which can be located either intra-or extracellularly.
Bacterial and fungal feruloyl and p-coumaroyl esterases are relatively novel enzymes capable of releasing feruloyl and p-coumaroyl and play an important role in biodegradation of recalcitrant cell walls in grasses (Kuhad et al. 1997) . These enzymes act synergistically with xylanases to disrupt the hemicellulose-lignin association, without mineralization of the lignin per se (Borneman et al. 1990 ; Figure 1 . A simplified schematic representation of the process involved in complete enzymatic hydrolysis of a cellulose microfibril. Endoglu-cases attack amorphous regions within the crystalline microstructure, thereby creating new foci for attack by exo-cellobiohydrolases. Cellobiose dimers are cleaved by β-glucosidases to yield glucose monomers, which can now be transported across the membrane to participate in energy generating metabolic reactions Fillingham et al. 1999; Tuor et al. 1995) . Therefore, hemicellulose degradation is required before efficient lignin removal can commence.
Ecology of lignocellulose biodegradation
Lignocellulose degradation is essentially a race between cellulose and lignin degradation (Reid 1989 ). This contest is even more extensive and complex in nature (Rayner & Boddy 1988) . Decomposition curves for complex substrates incubated in soil, such as plant residues, usually yield a multislope decomposition curve (Table 2) (Paul & Clark 1989; Van Veen et al. 1984) .
Fungi with restricted metabolic capabilities (e.g. soft rots like Mucor spp.) develop mutualistic relationships with and thrive alongside fungi degrading cellulose and lignin. Microorganisms unable to overcome the lignin or physical barrier can obtain energy from the low molecular weight intermediates released from lignocellulose by the true white-rot fungi. Such complex associations have been observed under natural conditions (Blanchette et al. 1978) . Table 2 . Different rates of degradation of the various components of straw lignocellulose incubated in soil (Paul & Clark 1989; Van Veen et al. 1984) . Although the cellulose and hemicellulose fraction cannot be clearly distinguished from this example, it does indicate that lignin and the humic fraction of the soil organic matter is highly resistant to biodegradation Lignocellulose biodegradation by prokaryotes is essentially a slow process characterized by the lack of powerful lignocellulose degrading enzymes, especially lignin peroxidases. Grasses are more susceptible to actinomycete attack than wood (Antai & Crawford 1981; McCarthy 1987) . Together with bacteria, actinomycetes play a significant role in the humification processes associated with soils and composts (Trigo & Ball 1994) . The enzymatic ability to cleave alkyl-aryl ether bonds enable bacteria to degrade oligomeric and monomeric aromatic compounds released during fungal lignin degradation (Vicuna et al. 1993; Vicuna 2000; White et al. 1996) . Therefore, lignocellulose biodegradation by prokaryotes is of ecological significance, but lignin biodegradation by fungi, especially white-rot fungi, is of commercial importance.
Fungi
Most fungi are capable cellulose degraders. However, their ability to facilitate rapid lignocellulose degradation attracted attention from scientists and entrepreneurs alike. White-rot fungi comprise powerful lignin degrading enzymes that enable them in nature to bridge the lignin barrier and, hence, overcome the rate-limiting step in the carbon cycle (Elder & Kelly 1994) . Of these, Phanerochaete chrysosporium is the best studied. New information regarding the identities of the cellulose, hemicellulose or lignin degrading enzymes, their unique catalytic capabilities, the physiological conditions required for optimum secretion or activity etc. is constantly being added to an already impressive volume of work and varies between fungi and bacterial genera, species and even strains.
Anaerobic fungi (Piromyces spp., Neocalli-mastix spp. and Orpinomyces spp.) form part of the rumen microflora. These fungi produce active polymer degrading enzymes, including cellulases and xylanases (Hodrova et al. 1998) . Their cellulases are among the most active reported to date and able to solubilise both amorphous and crystalline cellulose (Wubah et al. 1993) . These fungi can be used in situations where process principles and design necessitate anaerobic conditions. In such a scenario, ruminant manure will serve as inoculum and this waste product will meet a crucial requirement in biotechnology -cost effectivity versus optimum utility.
Barriers to lignocellulose biodegradation
Microorganism access to substrate
The physical barrier concept is best described by making use of the rumen as an example. The rumen being an anaerobic environment, and having discussed the distinctiveness of cellulose degrading systems under anaerobic conditions in section 3.1, it is clear that access and attachment of the microorganism to the substrate is vital if efficient cellulose hydrolysis is to be effected. The waxes and cuticle of an intact epidermis prevent microorganisms access to the interior of leaves and stems (Wilson & Mertens 1995) . The ruminant circumvents the physical barrier effect imposed by the lignocellulose higher-order structure by physically reducing the particle size of the plant materials during ingestion. Anaerobic fungi alleviate the physical barrier effect further by physically disrupting lignified tissues, allowing microorganisms greater access to the digestible portions of the plant fiber (Varga & Kolver 1997) . According to Wilson and Mertens (1995) degradation of the middle lamella-primary wall region by rumen bacteria is not only prevented by the chemical nature (lignin concentration) but also by physical structure and architecture.
Therefore, in order for man to successfully exploit lignocellulosics for commercial purposes, treatments that increase the accessibility of the catalyst (whether microbial or enzymic) to the substrate have been studied (Fan et al. 1982) . These include mechanical, chemical, thermal, and biological pretreatments. Again, the principles of cost and profit govern the choice of method to be used. Usually, choices are not only influenced by available funds and time, but also by the value of the end-product, which may warrant the use of a more expensive procedure. Certainly for bioremediation purposes, practical issues relating to the type of substrate available (e.g. grasses vs. wood), cost of on-site pretreatment (transport to and installation of equipment on-site), etc. will impact the budget of the project.
Enzyme access to substrate
As discussed in section 3, aerobic fungi and bacteria secrete cellulose and hemicellulose hydrolyzing enzymes into the culture medium. Evidence also suggest the same situation applies to most lignin degrading enzymes. Therefore, unlike anaerobic microorganisms, direct physical contact of the enzyme delivery agent with the substrate is not essential to facilitate polymer hydrolysis. However, it is at the lower order level structures (tertiary and secondary) of the substrate that enzyme preclusion can occur.
Polymer hydrolysis can be complicated by various substrate and enzymatic factors. Crystalline cellulose is highly recalcitrant, yet it is completely hydrolysable through the concerted action of all endo-and exo-acting enzymes (see section 3.1). However, endo-and exoglucanases are inhibited by cellobiose and the presence or absence of cellobiase is the rate-limiting step. Lignin on the other hand contains no chains of repeating subunits, thereby making the enzymatic hydrolysis of this polymer extremely difficult.
Despite the above-mentioned complications associated with enzymatic polymer hydrolysis, the primary problem remains the tertiary architecture of the lignocellulose complex. Lignin-carbohydrate complexes (LCCs) are recognized as key structures determining forage digestibility (Hatfield et al. 1999) . These intricate associations between cellulose, hemicellulose and lignin prevent polymer hydrolyzing enzymes access to its substrates (Cornu et al. 1994) .
According to Tomme et al. (1995) and Grethlein (1985) the accessibility of enzymes to wood and fibers is limited by factors such as adsorption to surface areas, low fiber porosity, and low median pore size of fibers. Reid (1995) suggested that physical contact between enzyme and substrate is the rate-limiting step in lignin degradation. Grethlein (1985) indicated that substrate pretreatment (using dilute sulphuric acid in this example) is necessary to increase the number of available sites for cellulase action.
The factors discussed in this section will have a profound impact on the outcome of biotechnological applications. Again, the project budget and the value of the end-product will determine the degree of capital investment required to improve access of polymer hydrolyzing enzymes to the substrate. Low-cost and lowtechnology bioremediation projects are likely to suffer from this dilemma because it represents an engineering challenge as well. Improving access of microorganisms to the substrate by substrate pretreatment alone might not be sufficient. Lignocellulosic substrates with small pore volumes not only deny biological catalysts complete access to the substrate, but it incurs hydraulic problems as well. This dilemma presents itself as a target for future research initiatives. Alternatively, if the substrate quality cannot be improved then the desired substrate must be defined by means of a thorough lignocellulose screening procedure and procured if available.
Toxicity of lignin-carbohydrate complexes and lignocellulose degradation intermediates
Careful consideration must be made regarding the choice of the lignocellulose material to be incorporated into the biotechnology process. Toxic substances released from plant cells during the process might result in catalyst inhibition or decay followed by process failure. Intrinsic substrate toxicity has been linked to inhibition of whiterot fungi (Wolfaardt et al. 1999) .
Toxicity of lignin-carbohydrate complexes (LCCs) to rumen microflora has been debated, but in vivo toxicity is thought to be insignificant due to dilution and rapid detoxification by the microflora (Cornu et al. 1994; Wilson & Mertens 1995) . However, the toxic effects of LCCs at biodegradation foci remain largely unknown. Due to its polyphenolic composition, aromatic lignin degradation intermediates are formed during lignocellulose degradation. These then enter a variety of natural and man-made environments. Free phenolic acids and aldehydes have been detected in wheat straw extracts (Galletti et al. 1990; Milstein et al. 1981; Vered et al. 1981) . The degradation of lignin by white-rot fungi in particular releases intermediates that may enter anaerobic environments. Lignin degradation is very slow under anaerobic conditions and, depending on pressure and time scale, leads to the accumulation of humus to form peat, organic soil matter, lignite, and coal (Heider & Fuchs 1997) . Although polymeric lignin remains stable in anaerobic environments for long periods of time, bacterial consortia actively metabolise smaller degradation products (Egland et al. 1997; Elder & Kelly 1994) .
This review will not focus on the potential toxicity of intermediate and end-products that are produced during the chemical and physical pretreatment of lignocellulose materials. For this purpose, the reader is referred to an excellent review on that specific subject (Palmqvist & Hahn-Hägerdal 2000) .
Biotechnological application of lignocellulose and its biodegradation
The primary objective of lignocellulose pretreatment by the various industries is to access the potential of the cellulose and hemicellulose encrusted by lignin within the lignocellulose matrix. The combination of solid-state fermentation (SSF) technology with the ability of white-rot fungi to selectively degrade lignin has made possible Mudgett (1986) . SSF offers the advantages of a robust technology and outperforms conventional fermentation technologies with respect to simplicity, cost effectiveness, and maintenance requirements. These advantages make SSF an attractive technology for environmental problems where money and expertise are limited. Problems commonly associated with SSF are heat build-up, bacterial contamination, scale-up, biomass growth estimation, and control of substrate moisture content (Lonsane et al. 1985) . At this stage, engineering aspects come into play and the success of scale-up will depend on bioreactor design and operation (Lonsane et al. 1992) .
Lignocellulose-based technologies using unsterile substrates
Silage manufacture is a good example of a working technology based on unsterile lignocellulose substrates. Silage is the material produced by the controlled fermentation of moist plant material (McDonald 1981) . Water authorities consider silage effluent a serious threat to natural water supplies (Haigh 1994) . From the farmer's perspective, silage effluent constitutes a loss of valuable nutrients (Table 3 ) (McDonald 1981) . Arnold et al. (2000) used Candida utilis and Galactomyces geotrichum to reduce the polluting potential of silage effluent with an initial chemical oxygen demand (COD) of 80 000 mg/l. COD, phosphate and ammonia concentrations were reduced by 74-95%, 82-99% and 16-64% respectively. A similar effluent is produced during oyster mushroom cultivation (personal observation). These effluents represent sources of carbon and nutrients and might even in future serve as cheap sources of fermentation adjuvants.
Biopulping
Lignin becomes problematic to cellulose-based wood processing, because it must be separated from cellulose at enormous energy, chemical and environmental expense. Biopulping is therefore a solid-state fermentation process during which wood chips are treated with white-rot fungi to improve the delignification process. Biological pulping has the potential to reduce energy costs and environmental impact relative to traditional pulping operations (Breen & Singleton 1999) . The benefits of biopulping was demonstrated by Scott et al. (1998) using 40-ton scale experiments: tensile, tear and burst indexes of the resulting paper were improved (indicative of higher degree of cellulose conservation during pulping process); brightness of the pulp was increased (indicating improved lignin removal); and improved energy savings of 30-38%.
Problems endemic to SSF still plague this concept. Inoculation, aeration and heat removal are key parameters that influence fungal activity. Also, poor colonization of wood chips by white-rot fungi has been attributed to competition with naturally occurring microorganisms or to inhibition by wood chemical components (Wolfaardt et al. 1999 ). Substrate sterilization is usually a major expense, and secondary contamination by airborne microorganisms must be prevented at additional costs as well. Breen and Singleton (1999) summarized decades of dissatisfaction associated with high capital costs to make SSF viable for the pulp and paper industry: "Overcoming these challenges will determine, in a large part, if biopulping becomes a reality."
Animal feed
Cellulose is the most important source of carbon and energy in a ruminant's diet, although the animal itself does not produce cellulose-hydrolyzing enzymes (Czerkowski 1986 ). Rumen microorganisms utilize cellulose and other plant carbohydrates as their source of carbon and energy. Thus, the microorganisms convert the carbohydrates in large amounts of acetic, propionic and butyric acids, which the higher animal can use as its energy and carbon sources (Colberg 1988) .
The concept of preferential delignification of lignocellulose materials by white-rot fungi has been applied to increase the nutritional value of forages (Agosin et al. 1985; Akin et al. 1995; Chen et al. 1995; Zadrazil & Isikhuemhen 1997) . This increased digestibility provides organic carbon that can be fermented to organic acids in an anaerobic environment, such as the rumen.
However, upgrading of animal feed by white-rot fungi failed to reach industrial proportions. A possible explanation can be that the animals' instincts prevent them from ingesting mushrooms, for they can contain toxicants or they can be toxic to their rumen microflora and, hence, toxic to the animal also.
Applications of genetic engineering
The scope of lignocellulose-based applications is expanding rapidly towards applications of genetic engineering. Recently, repression of lignin biosynthesis was achieved in Populus tremuloides resulting in cellulose accumulation and healthy growth of such transgenic trees (Hu et al. 1999) . Cellulose and lignocellulose fibers can be chemically modified to render it useful to miscellaneous applications in the textile industry (Ghosh & Gangopadhyay 2000) . Lignocellulose degrading actinomycetes have been used as biocontrol agents to preserve golf green turf-grass (Chamberlain & Crawford 2000) . Currently, metabolic engineering is being applied to facilitate simultaneous fermentation of hexoses and pentoses to ethanol (Aristidou & Penttilä 2000) . The future might see the application of genetically engineered microorganisms (containing lignocellulases) to biotechnological applications where lignocellulosic wastes serve as the on-site carbon and nutrient source. Commercial byproducts of lignocellulose conversion to fuel ethanol has found application as absorbents of organic pollutants and as enterosorbents (Dizhbite et al. 1999) . Therefore, commercializing lignin waste production can offset process costs.
Lignocellulose is also of potential medical value. Apart from being essential in the human diet as fiber, lignocellulose can be a source of compounds with biological activity. Such compounds have potential as stimulators of the human immune system and as antiviral agents (Kiyohara et al. 2000; Sakagami et al. 1999 ).
Potential of lignocellulose in space exploration
Advances in lignocellulose research will enable scientists to contribute to space science/exploration. Space travel will benefit from this research, in the near future as the transport of lignocellulose to space can result in substantial cost savings. Lignocelluloses can be a feedstock to provide for all basic needs: fuel, energy, feedstock chemicals, food, and water. Recycling of inedible plant material by white-rot fungi (Pleurotus ostreatus) has been investigated in a Closed Ecological Life Support System (CELSS) (Sarikaya & Ladish 1997) . Incineration technology have been proposed as another way of recycling the elemental resources found in spent lignocelluloses to support agriculture in a CELSS (Wignarajah et al. 2000) . Lignocellulose can therefore be the "super fuel" of the future -being a compact natural polymer containing enough potential energy to sustain man and machine in space.
Conclusions
This review aims to empower scientists with the vision to apply science to lignocellulose wastes taken for granted.
Natural biodegradation processes and the consortia involved (e.g. rumen, termite hindgut, etc.) are treasure troves filled with the potential for lateral applications of scientific discoveries. Current working lignocellulose-based technologies produce potential polluting effluents, but when properly managed, these can overcome financial barriers preventing the success of innovative processes. The ultimate beneficiaries of this approach will be the local and national economies of communities -and the people themselves.
